Tropical inhabitants are able to tolerate heat through permanent residence in hot and often humid tropical climates. The goal of this study was to clarify the peripheral mechanisms involved in thermal sweating pre and post exposure (heat-acclimatization over 10 days) by studying the sweating responses to acetylcholine (ACh), a primary neurotransmitter of sudomotor activity, in healthy subjects (n=12). Ten percent ACh was administered on the inner forearm skin for iontophoresis. Quantitative sudomotor axon reflex testing, after iontophoresis (2 mA for 5 min) with ACH, was performed to determine directly activated (DIR) and axon reflex-mediated (AXR) sweating during ACh iontophoresis. The sweat rate, activated sweat gland density, sweat gland output per single gland activated, as well as oral and skin temperature changes were measured. The post exposure activity had a short onset time (p＜ 0.01), higher active sweat rate [(AXR (p＜ 0.001) and DIR (p＜ 0.001)], higher sweat output per gland (p ＜ 0.001) and higher transepidermal water loss (p＜ 0.001) compared to the pre-exposure measurements. The activated sweat rate in the sudomotor activity increased the output for post-exposure compared to the pre-exposure measurements. The results suggested that post-exposure activity showed a higher active sweat gland output due to the combination of a higher AXR (DIR) sweat rate and a shorter onset time. Therefore, higher sudomotor responses to ACh receptors indicate accelerated sympathetic nerve responsiveness to ACh sensitivity by exposure to environmental conditions.
INTRODUCTION
The effective heat acclimatization of the human body provides the thermoregulation needed to survive in extreme environmental conditions such as in high temperature environments. However, for persons less able to adapt to heat acclimatization the levels of vasodilatation and vasoconstriction are maintained without change in the physiological capabilities [1] . Heat resistance can improve by thermoregulation adaptation to the environment by exposure that can be repeated over a period of time [2] . Short term heat exposure reduces the initiation of sweating and increases the amount of sweating [3] . Environmental adaptation is controlled by the preoptic area and anterior hypothalamus (PO/AH), the receptive body of core temperature, and postganglionic sympathetic nerves in the peripheral nervous system. Acetylcholine (ACh) is the primary neurotransmitter involved in this process [4, 5] . As shown in Fig. 1A , efferent sweat fibers originate in the hypothalamic preoptic sweat center, and descend through the ipsilateral brainstem and medulla to synapse with the intermediolateral cell column neurons [4] . The preganglionic fibers emerge from the anterior roots to reach (via the white rami communicantes) the chain ganglia.Unmyelinated postganglionic sympathetic class C fibers arise from the sympathetic ganglia to join the major peripheral nerves to reach the sweat glands, providing them with cholinergic innervation [4, 5] . ACh induces direct sudomotor activity caused by the activation of muscarinic receptors and indirect sudomotor activity caused by activation of nicotine receptors (Fig. 1B) . As shown in Fig. 1B , the peripheral motor neurons involved in perspiration mediate the activity of the muscarinic receptors and axon reflex activation caused by the nicotine receptors of the peripheral C fibers in the sympathetic nerves [4] [5] [6] [7] [8] . Consequently, direct and indirect reactions can be evaluated quantitatively (Fig. 1B) by ACh stimulation with the quantitative sudomotor axon reflex test (QSART) as a method for the quantification of the sudomotor reaction [4, 9] .
The QSART is widely used clinically for the evaluation of sympathetic activation [9] [10] [11] [12] [13] [14] . It is painless and there is no risk associated with the subcutaneous injection; it is a simple and convenient ion permeation method that can be used for evaluation. The results of QSART to acclimatized individuals over the long term have shown a reduction in the sweating response to stimuli [5, 8, 15, 16] of injection of ACh in native residents that move from warm areas to tropical areas and lived there for 2∼12 years showed suppression of sweating sensitivity that depended on the extension of the period of acclimatization [6] . The sweating sensitivity increased based on the extension of the deacclimatization period [7] . The sweating sensitivity is the difference between the dynamic forces of the sweat glands and the sweat volume output from a single gland which is associated with induced threshold changes of the body depending on the climate conditions of the place of residence and the constant period of time living there [5, 8] . Therefore, the dynamic forces of gland activity and the inhibition and suppression of single sweat gland output volume, depending on ACh sensitivity, influences the sweat volume of the whole body.
The goal of this study was to evaluate the rate of sweating due to the direct response, active sweat gland dynamic force and output of a single sweat gland by quantification of the reflex sudomotor onset time and sweating volume of the axon reflex response (AXR) at the point of stimulation using the QSART after ACh ionphoresis before and after acclimation over 10 days.
METHODS

Subjects
Following approval of the experimental protocol from the University of Soonchunhyang Research Committee and obtaining written informed consent normotensive participants volunteered for the study. Twelve male volunteers, 22.6 years of age, participated in this study. The physical characteristics of healthy subjects that were not athletes and participated in this experiment are shown in Table 1 . The maximum oxygen consumption and heart rate were measured with a pulse sensor on the chest and an expired air gas analyzer (COSMED; Quark Pulmonary Function Testing Lung Volumes Module 2 ergo, Rome, Italy). The physical load (VO2max) was tested for maximal performance on one test of prolonged running on a treadmill (gradually increased from 2 to 16 Km/h) until the subject became exhausted.
M easurement and experimental procedure
All experiments were carried out in an automated climate chamber (24.0±0.5 o C, relative humidity 40±3%, and ＜1 m/sec air velocity). The method used for acclimatization was immersing the lower body into warm water of 43 o C for 10 days [17] ; QSART was used to test sweating activity before and after the exposure to acclimatization. The subjects were dressed in light clothing and rested quietly in the same environment for 60 min before the experiment, which was performed between 2∼5 PM for all subjects. The apparatus used for the experiment was a ventilating capsule composed of two circular compartments directly in contact with the skin. The phenomenon of vasodilatation and sweating at the area directly stimulated by the axon reflex of the postganglionic sympathetic nerves in the skin causes sweating by muscarinic activity and the axon reflexivity of the nicotine active axon reflexes are indirectly stimulated. Consequently, the ACh mechanism was used to measure the sweating volume at the DIR stimulated area that acts on the sweat gland directly, which is at the outer rim of the cell, at a point stimulated by the 10% ACh solution. The central area at the capsule, with the ACh iontophoresis, measures the sweating volume of the AXR indirectly activated by the axon reflex. The ionphorisis results from the direct injections into the skin with the 10% ACh and the direct current of 2mA at the DIR site [5, 6, 15, 16, 18, 19] .
Two capsules were fixed at the center of the forearm with a rubber band to measure the sweating volume. The first capsule (capsule A) was located midway between the wrist and elbow, and the second capsule (capsule B) was located 10cm from capsule A. The space at the outer rim of capsule A was filled with 10% ACh solution (Ovisot, Daiichi Pharmaceutical Co., Ltd., Japan). A direct 2 mA current was applied for five minutes between the electrode (anode) of the ACh cell and a flat electrode (HV-BIGPAD, Omron, Kyoto) (cathode) placed at the surface of the skin on the forearm near to the wrist [5] . The production of sweat was measured at the outer most point [sweating directly activated, DIR (1)] and at the central point [axon flex mediated sweating, AXR (1)]. The sweating capsules A and B were changed after the electric current was applied for five minutes. The sweating activity was measured for an additional five minutes to evaluate the DIR (2) and AXR (2). The sweating activity was quantified for the start time of sweating for five minutes (AXR sweat onset-time, the resting pause for sweating after applying the current), sweat quantity, the area under the sweating curve, for 0∼5 minutes AXR (1), 6∼11 minutes AXR (2) , and the areas of sweating of the forearm skin for DIR using a hygrometer-ventilated capsule. This equipment allowed for the determination of changes in the relative humidity of emitted gas by the hygrometer as a result of supplying nitrogen gas to the capsule at a constant speed of 0.3 l/min (H211, Technol Seven, Yokohama, Japan). The temperature was measured orally and on the skin near to the capsule, using a thermistor register (K-720, Technol Seven, Yokohama, Japan). Data was recorded automatically every five seconds on the rate of sweating and the oral temperature and the temperature of the subcutaneous skin [5, 8, 15, 16, 20] . The active sweat gland density of each subject was measured by the iodine-impregnated paper method during the last stage of the QSART recording; this is a method of calculation of the average sweat gland density (count/cm 2 ) determined by scrubbing iodine-starch paper, on the subcutaneous skin, within 10∼15 seconds of the stimulation of the forearm [5] . In addition, the secreted quantity of sweat, from an active single sweat gland, was obtained (μg/min/single gland). The output quantity was calculated from a single sweat gland involved in sweating for the DIR sweating quantity (mg/cm 2 /min) [5] . The direct attachment and derivation of the evaporated quantity of moisture (Transepidermal water loss: TEWL, μg/cm 2 /min) were used for the quantitative evaluation. The evaporated quantity from the skin was determined using the QSART with Tewameter (model No. TM 210; Courage and Khazaka, Germany) [5, 21] .
Statistical analysis
The SPSS statistical program for Windows (ver. 12.0) was used for the analysis of data. The average value and standard deviation (Mean±SD) were calculated before and after acclimatization. The paired Student's t-test was used for the statistical analysis and the level of significance was set at 5%.
RESULTS
The goal of this study was to quantify the reaction of muscarinic receptors directly stimulated for five minutes after QSART (2 mA for 5 min) with 10% ACh; a method reported previously [5, 6, 8] . A quantitative evaluation of the nicotine receptors was carried out. The rate of reaction of the muscarinic receptors was converted into the sweating volume as the DIR [6∼11 minutes] stimulated directly by ACh after the stimulating current was discontinued. The DIR rate of sweating was converted into the standard density for the evaluation of the quantity of active sweat glands. The quantity of output from a single sweat gland was determined based on the active sweat gland density according to the DIR rate of sweating and used for the calculation of a single gland sweat volume.
AXR and DIR
The measurements from the point of stimulation of the axon reflex by the QSART stimulus showed that a reduction in time after exposure (1.38±0.71 min) compared to before acclimatization to the exposure (1.68±0.65 min) for five minutes of AXR (1); the onset time was 0∼5 minutes and the differences were significant (p＜0.01). The AXR (1) , that is, (Fig. 2) . The evaluation of the total quantity associated with the sweating rate for five minutes, between 6∼11 minutes after discontinuation of the stimulation, was calculated from the DIR rate of sweating (sweating due to the direct activation of muscarinic receptors). As suggested in Fig. 3 , the DIR was significantly increased after exposure compared to before exposure to acclimatization (p＜0.001).
Skin and oral temperature
The measurement of the skin temperature and oral temperature was performed at the same time. The temperature of the skin for five minutes with ACh stimulation before and after exposure to acclimatization was significantly increased with the five minutes of ACh stimulation (p＜ 0.001). However, there was no significant change in the oral temperature after five minutes ACh stimulation. The temperature on the surface of skin was significantly increased at between 5∼10 cm, at the center of the forearm, where the iontophoresis was performed (p＜0.001). However, there was no significant temperature change in the skin at 10 cm above and below the stimulated areas.
Activated sweat gland density
The active sweat gland density of the unit area, based on the quantity of sweating derived from the rate of sweating due to the direct inducement reaction (direct activation of muscarinic receptor) to ACh as shown in Fig. 4 was determined. The results showed a tendency to be increase after exposure compared to before exposure.
Activate sweat gland output
The output volume of active sweat glands shown in Fig. 5 suggests the quantity of a single sweat gland output derived from the rate of sweating caused by direct activation of muscarinic receptors. A significant increase was observed after exposure compared to before exposure to acclimatization in the output volume from a single sweating gland (p＜ 0.001).
Transepidermal water loss volume
The results of moisture evaporation near the AXR/DIR for the five minutes of stimulation (5 minutes in between 0∼5 minutes), between 6∼11 minutes after stimulation, is shown in Fig. 6 . The evaluation was of the AXR (sweating due to the direct activation of nicotine receptors) and the results showed a statistically significant difference after exposure compared to before exposure (p＜0.001).
DISCUSSION
Sweating caused by the axon reflex before and after exposure was evaluated with 10 days of exposure, immersing the lower body into warm water at 43 o C for 60 minutes a day. The active sweat gland density and single sweat gland output volume as well as the evaporated quantity were evaluated quantitatively. The immediate sweating increased; however, after repeated exposure acclimatization occurred. The increase in the volume of sweat allows the body to compensate for the increase in body temperature [22] . The reduction of the Na ＋ concentration reduces the loss of Na ＋ due to sweating [23, 24] . Short term acclimatization occurs with an exposure of one to two hours a day and can be complete between a few days and by the second week of exposure [25, 26] . However, discontinuation of exposure to acclimatization generally stabilizes over a period of time from one week to one month [25] . The sweating reaction to short term and long term acclimatization is different. Both the activity of the nervous system associated with sweating and sweat gland reactivity are involved in the sweating reaction during short term acclimatization. The production of sweat increased before and after acclimatization (38 o C of temperature in rectum was maintained for 9 days), but there was no change in the association of the production and quantity of sweating illustrating the reactivity of the central nerve stimulus on the sweat glands [27] .
The results of this study showed the acceleration of the peripheral sympathetic nervous system caused by thermal exposures for 10 days. The accelerated sweating reaction is considered advantageous in terms of energy consumption by in vivo metabolism, an enhanced sweating capability caused by stimulation of the peripheral nervous system for thermoregulation. These results provide evidence for the observation that vasodilatation is accompanied by secretion of the sweat glands [27] [28] [29] . The increase in the sweat volume due to short term acclimatization is associated with the process of thermoregulation that is necessary for short term acclimatization. In addition, the enhanced sensitivity of the sweat gland appears to be due to increases in indirect AXR, the direct rate of sweating of the DIR, active sweat gland density and the output volume from individual sweat glands.
The results of this study show the effects of the autonomic nervous system on thermoregulation, which depends on the adaptation of acclimatization. The physical adaptation changes associated with peripheral sweating were confirmed by the results of this study. However, t the central nervous activity associated with sweating activity requires further study.
